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ABSTRACT
It is well known that technicolor models in which the elec-
troweak symmetry is broken by QCD-like strong dynamics at
the TeV scale generally predict unacceptably large corrections to
low-energy observables. We investigate the models of electroweak
symmetry breaking by strong dynamics in which the gauge sym-
metry is extended to include an arbitrary number of additional
SU(2) and U(1) factors. This class of models includes the decon-
structed version of the recently proposed five-dimensional ”Higgs-
less” scenario. We conclude that the additional structure present
in these theories does not suppress the effects of strongly coupled
short-distance physics on the precision electroweak observables.
In particular, the possibility that the symmetry breaking is due
to QCD-like dynamics is still strongly disfavored by data.
1 Introduction
Most of the structure of the Standard Model (SM) of electroweak interactions
has been experimentally confirmed in the last three decades. One piece of
the puzzle, however, is still missing: despite many attempts, the Higgs boson
has not been discovered. It may well be that the Higgs is simply too heavy
for present accelerators, and will be observed once the Large Hadron Collider
(LHC) at CERN becomes operational. On the other hand, it is well known
that the Higgs hypothesis is plagued with theoretical shortcomings such as
the gauge hierarchy problem. In view of this, it is useful to examine whether
electroweak physics can be described consistently by models which do not
contain a Higgs field (or any other fundamental spin-0 field) at all.
According to a well-known theorem [1], a theory with massive W and
Z gauge bosons and no Higgs field is guaranteed to become strongly cou-
pled at a certain energy scale. In the simplest realization of the theory,
which will be reviewed in Section 2, this scale is close to 1 TeV. The full
non-perturbative theory is expected to possess additional composite states
with masses close to this scale, analogous to heavy mesons such as the ρ
and baryons of QCD. These states would contribute to low-energy observ-
ables through their interactions with electroweak gauge bosons. While these
contributions are not perturbatively calculable, they can be parametrized
by including higher-derivative operators in the low-energy theory [2]. Pre-
cise agreement of multiple low-energy observables (”precision electroweak
observables”) with the SM predictions implies constraints on the coefficients
of these operators [3, 4]. At the same time, these coefficients can be esti-
mated within the ”technicolor” models in which the dynamics at the TeV
scale is assumed to be a scaled-up version of QCD [5]. The present experi-
mental constraints, notably the constraint from the S parameter [6], strongly
disfavor such models.
Given the phenomenological difficulties of the technicolor scenario, is it
still possible to construct a viable theory of electroweak symmetry breaking
(EWSB) without a Higgs? One possibility is that the strong dynamics at
the TeV scale cannot be described by scaling up the familiar strong inter-
actions of QCD, and does not produce a large S parameter. While this is
certainly possible, no compelling examples of such strongly coupled systems
are known. A possible alternative is a scenario in which the weakly coupled
physics below the cutoff is modified in a way that reduces the effect of the
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strongly coupled short-distance physics on precision electroweak observables.
Such a scenario could potentially revive the attractive possibility of EWSB
by QCD-like strong dynamics. As an example, consider the ”Higgsless” mod-
els [7, 8, 9, 10] in which electroweak gauge bosons are allowed to propagate
in an extra compact dimension of space, and EWSB occurs at the boundary
of this dimension. In these models, the violation of perturbative unitarity
in the longitudinal W scattering, often used as an indicator of the onset of
strong coupling [11], is postponed until an energy scale parametrically above
1 TeV due to cancellations between the contributions of the Kaluza-Klein
(KK) gauge bosons. If the scale of strong coupling is indeed raised, one
might expect that the low-energy effects of the operators induced at that
scale should be suppressed. The goal of this paper is to determine whether
such a suppression actually takes place.
Instead of dealing with the five-dimenional Higgsless models directly, we
will study a class of closely related four-dimensional models [12, 13, 14, 15].
These models possess an extended gauge structure which can in some sense
approximate the fifth dimension; this approximation becomes exact in a cer-
tain limit [16]. On the other hand, these models can be analyzed using the
four-dimenisional non-linear sigma model (NLSM) language [2], making it
easier to compare and contrast them with the traditional, four-dimensional
theories of higgsless EWSB such as technicolor1. The NLSM language allows
for clear separation between the perturbatively calculable contributions to
the low energy observables from the new weakly-coupled gauge states and
the intrinsically uncalculable contributions from the strongly coupled sector.
As in the traditional technicolor analyses, the latter can be parametrized
by adding higher-derivative operators to the low-energy theory, whose coeffi-
cients are constrained by data. Using the method developed recently by Bar-
bieri et. al. [4], we will show that, barring unnatural cancellations between
low-energy and high-energy contributions, the constraints on the coefficients
contributing to the S parameter in models with additional gauge groups are
essentially identical to those obtained in four-dimensional models with the
minimal gauge structure. In other words, the additional structure does not
1A connection between the five-dimensional Higgsless models and technicolor, moti-
vated by holography, has been proposed, for example, in Ref. [17]. This connection be-
comes more direct and explicit in the four-dimensional models considered here. Precision
electroweak constraints on the Higgsless models in five dimensions have been obtained in
Ref. [17, 18].
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serve to suppress the low-energy effects of the strongly coupled sector, and
the EWSB by QCD-like strong dynamics is still ruled out.
2 Electroweak Symmetry Breaking by Strong
Interactions
2.1 The Minimal Model
To set the stage for the analysis of models with extended gauge structure, let
us first review the most minimal model of electroweak symmetry breaking
without a Higgs boson in four dimensions. In this model, the spectrum of
states below the ultraviolet cutoff is identical to the SM without a Higgs.
The physics below the cutoff is described by a non-linear sigma model based
on an SU(2)×SU(2) global symmetry group [2]. An SU(2)×U(1) subgroup
of this group is promoted to a local symmetry and is identified with the
electroweak gauge symmetry of the SM. At low energies, the lagrangian of
the model has the form
L = −
1
2g2
TrWµνW
µν −
1
4g′2
BµνB
µν + f 2Tr |DµΣ|
2 . (1)
Here the covariant derivative is defined as
DµΣ = ∂µΣ + iWµΣ− iBµΣτ
3, (2)
where τa are the Pauli matrices with the normalization Tr τaτ b = 1
2
δab; Wµ ≡
W aµτ
a and Bµ are the SU(2)L and U(1)Y gauge fields, respectively (note that
we use a non-canonical normalization for these fields); Wµν and Bµν are the
corresponding field tensors, and g and g′ are the SM SU(2)L and U(1)Y
coupling constants. The bifundamental scalar field Σ acquires a vacuum
expectation value (vev), breaking SU(2)× SU(2) → SU(2). We choose the
normalization so that 〈Σ〉 =diag(1, 1). With this normalization, the charged
gauge boson mass is MW = gf , implying f ≈ 124 GeV.
The NLSM is an effective field theory, valid below the cutoff scale Λ ∼
4pif . The full NLSM lagrangian should include all operators consistent with
the symmetries of the low-energy theory; these operators parametrize the
effects of unknown, strongly-coupled physics at energy scales above Λ, and
3
their coefficients in the lagrangian depend on the details of that physics. It is
convenient [4] to classify the possible operators according to their symmetry
properties with respect to the ”custodial” group SU(2)c [19] (i.e., the global
SU(2) left unbroken by the vev of Σ), and with respect to the gauged SU(2)
identified with the SM weak interaction group SU(2)L. There are three
classes of operators: those breaking both SU(2)c and SU(2)L (”class A”);
those breaking SU(2)L but not SU(2)c (”class B”); and those preserving
both symmetries (”class C”). To study the experimental constraints on the
theory, it is sufficient to concentrate on the leading (in terms of the derivative
expansion) operator in each class.
The only allowed dimension-2 operator (apart from the kinetic term for
the Σ field included in Eq. (1)) is in class A; it has the form2
OA =
(
Tr TΣ†DµΣ
)2
, (3)
where T = Στ3Σ
†. The leading class B operator has mass dimension 4:
OB = BµνTr TW
µν . (4)
The leading class C operators have mass dimension 6:
Oc,1 = (∂ρBµν)
2, Oc,2 = 2Tr (DρWµν)
2. (5)
Retaining only these four operators, the corrections to the NLSM lagrangian
can be written as
∆L = f 2cAOA + cBOb +
1
f 2
cc,1Oc,1 +
1
f 2
cc,2Oc,2, (6)
where the coefficients ci are dimensionless.
2.2 Precision Electroweak Constraints
The properties of W/Z bosons predicted by the leading-order lagrangian (1)
at tree level are identical to those in the SM with a weakly-coupled Higgs
2Note that while OA has the same dimension as the kinetic term for Σ, it is expected
to be subdominant in the lagrangian since its coefficient must disappear in the limit where
the U(1) gauge field decouples, g′ → 0.
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boson. (The leading loop corrections in the two models also match if the
NLSM cutoff Λ is identified with the Higgs mass.) These properties would
be modified, however, in the presence of the additional operators in Eq. (6).
Most significant constraints come from the modifications of the W and Z
propagators, often referred to as ”oblique” corrections. To study these cor-
rections, it is sufficient to only keep the terms in the lagrangian of quadratic
order in the gauge fields. These have the form
L+∆L =
1
2
[
f 2 −
1
g2
q2 +
4
f 2
cc,2(q
2)2
]
W aµW
aµ +
f 2
4
cAW
3
µW
3µ
+
1
2
[
f 2(1 +
cA
2
)−
1
g′2
q2 +
4
f 2
cc,1(q
2)2
]
BµBµ
+
[
−f 2(1 +
cA
2
) + cB q
2
]
BµW 3µ , (7)
where W (q), B(q) are the Fourier transforms of the corresponding gauge
fields. This equation can be used to relate the coefficients ci to the adime-
nional form factors introduced in Ref. [4]:
Sˆ ≡ g2Π′W3B(0) = −g
2cB,
Tˆ ≡ g2M−2W (ΠW3W3(0)− ΠW+W−(0)) = −
cA
2
,
Y ≡
1
2
g′
2
M2WΠ
′′
BB(0) = −4g
2g′
2
cc,1,
W ≡
1
2
g2M2WΠ
′′
W3W3
(0) = −4g4 cc,2. (8)
Here, Πij(q
2) are the elements of the inverse propagator matrix in the basis
(W±,W 3, B), and primes denote derivatives with respect to q2. Experimen-
tal bounds on the form factors from a global fit to electroweak precision
observables, including LEP2 data, were derived in Ref. [4]. According to
Eq. (8), they translate into
cA = (−2.8± 2.0) · 10
−3; cB = (4.0± 3.0) · 10
−3;
cc,1 = (2.3± 5.5) · 10
−3; cc,2 = (−0.4± 1.1) · 10
−3. (9)
These bounds were obtained using the value of the cutoff scale Λ = 800 GeV;
the bounds are only logarithmically sensitive to this value.
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2.3 Technicolor Models
What are the implications of these bounds for specific models with EWSB
by a strongly coupled sector? Answering this question would require com-
puting the coefficients cA, cB, cc,1, cc,2 in specific models. In general, such
calculations are not yet feasible. An important exception is provided by the
technicolor models, in which the dynamics at the TeV scale is a rescaled
version of the familiar strong interactions of QCD. The S parameter in
these models was estimated by Peskin and Takeuchi [6] using dispersion re-
lations, large-N techniques, and the experimental data on processes such as
e+e− → pi+pi−, τ → ντpi
+2pi−, etc. For a model based on an SU(NTC) gauge
group with NTF flavors of technifermions (qL and qR count as two separate
flavors), these authors obtain3
Sˆ ≈ (2.5 · 10−3)
NTF
2
NTC
3
. (10)
According to Eq. (8), this implies that the operator OB in these models is
induced with a coefficient
cB ≈ (−6 · 10
−3)
NTF
2
NTC
3
. (11)
Comparing this result with Eq. (9) shows that even the most minimal tech-
nicolor model, NTC = 3, NTF = 2, is ruled out at more than 3 σ.
Strictly speaking, Eq. (11) should be interpreted as the value of cB at
the scale MZ , since the dispersion relations include the perturbative contri-
butions which renormalize this coefficent between MZ and Λ. At the same
time, the bounds in Eq. (9) apply to the values of the coefficients at Λ.
The above discussion ignores this difference; it can be taken into account
by subtracting the one-loop perturbative renormalization contribution to Sˆ,
Sˆpert ≈
α
24pis2
W
log(Λ/MZ) ≈ 1.0·10
−3, from Eq. (10). Including this correction
does not change the qualitative conclusions reached above. More generally,
it is clear that any significant cancellation between the perturbative and the
non-preturbative (UV) contributions would imply fine tuning. Since the goal
of the models with extended gauge structure is precisely to avoid fine tuning,
3The S parameter used in Ref. [6] is related to Sˆ by a simple rescaling, S = 4s2
W
Sˆ/α ≈
119Sˆ.
6
we will ignore the loop-level perturbative contributions to Sˆ in the analysis of
those models. The obtained numerical bounds will be on the same footing as
Eq. (11): while not exact, they will nevertheless provide the level of accuracy
sufficient for our purposes.
3 A PrototypeModel with an Extended Gauge
Sector: SU(2)× SU(2)× U(1)
The model reviewed above is minimal in the sense that it contains no states
below the UV cutoff beyond those of the SM without a Higgs. We would
like to extend this model in a way that could potentially reduce the effects
of the operators in Eq. (6) on the low-energy observables. One possibil-
ity that appears promising is to extend the gauge sector of the model to
SU(2)n+1 × U(1)Y . The extended group can be broken down to U(1)em by
strong dynamics, without the need for Higgs fields. In the limit n → ∞,
these models become identical to the five-dimensional models of [7, 8], pro-
vided that the gauge coupling constants and symmetry breaking parameters
are chosen appropriately. In the 5D models, the breakdown of perturba-
tive unitarity in WL scattering occurs at a higher scale than in the mini-
mal four-dimensional model of Section 2 due to cancellations involving KK
modes of the W/Z bosons. Similar cancellations should occur in the 4D
SU(2)n+1 × U(1) model, with the extra massive gauge bosons playing the
role of the KK states. It may be expected that raising the strong coupling
scale reduces the effects of the physics at that scale on low-energy observables.
Our goal is to investigate whether this is in fact the case.
Before presenting the analysis for arbitrary n, let us discuss the simplest
case, n = 1, in some detail. The main points of this discussion will carry
over to the more general case. Consider an NLSM based on the SU(2)3 →
SU(2) symmetry breaking pattern; the surviving SU(2) plays the role of the
custodial symmetry. The gauged subgroup is SU(2)2×U(1). The symmetry
breaking is achieved by two bifundamental Σ fields, and can be conveniently
depicted by the diagram in Fig. 1. The leading-order lagrangian has the form
L = −
2∑
i=1
1
2g2i
TrW (i)µνW
(i)µν −
1
4g20
BµνB
µν + f 20 Tr |DµΣ0|
2 + f 21 Tr |DµΣ1|
2 ,
(12)
7
U(1)SU(2) SU(2)1Σ Σ1
g g g1
0
02
2
f f1 0
Figure 1: The diagram representing the symmetry breaking pattern of the
model studied in Section 3. Each circle indicates a global SU(2) symmetry;
the gauged subgroup is indicated inside the circle. The lines connecting the
circles represent the bifundamental scalar fields Σ0,1 whose vacuum expecta-
tion values break the symmetries.
where the covariant derivatives are defined as
DµΣ0 = ∂µΣ0 + iW
(1)
µ Σ0 − iBµΣ0τ
3,
DµΣ1 = ∂µΣ1 + iW
(2)
µ Σ1 − iΣ1W
(1)
µ . (13)
Here W (i) ≡ W (i)aτa and gi (i = 1, 2) are the gauge fields and the cou-
pling constants, respectively, of the two gauged SU(2) factors, and g0 is
the U(1) coupling constant. The Σ fields acquire vevs of the form 〈Σ0〉 =
〈Σ1〉 =diag(1, 1), resulting in charged gauge boson masses
M2± =
1
2
(
g21(f
2
0 + f
2
1 ) + g
2
2f
2
1 ±
√
(g21(f
2
0 + f
2
1 ) + g
2
2f
2
1 )
2 − 4g21g
2
2f
2
0 f
2
1
)
.
(14)
The SMW boson is identified with the lighter of these two states. The neutral
gauge boson sector contains a massless photon and two massive states, the
lighter of which is identified with the Z.
Unlike the minimal model of Section 2, the leading-order lagrangian of
Eq. (12) does not predict W/Z properties identical to the SM, due to mixing
between these states and the additional, heavier gauge bosons. The effects
of this mixing on precision electroweak observables have been investigated
in Ref. [13, 14]. In addition to this, however, W/Z properties are sensitive
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to the strongly coupled physics beyond the regime of validity of the NLSM,
which should be parametrized by adding higher-derivative operators to the
lagrangian in analogy with Eq. (6). Again, the operators can be classified ac-
cording to their symmetry properties. Given the importance of the S param-
eter in constraining technicolor models, we will concentrate on the operators
that respect the custodial SU(2)c, but break some of the gauge symmetries.
At the leading (dimension-4) level, there are three such operators:
O1 = B
µν Tr (W (1)µν Σ0τ
3Σ†0), O2 = Tr (W
(1)
µν Σ
†
1W
(2)µνΣ1),
O3 = B
µν Tr (W (2)µν Σ1Σ0τ
3Σ†0Σ
†
1). (15)
We will consider corrections to the lagrangian (12) of the form
∆L = c1O1 + c2O2 + c3O3. (16)
While not guaranteed, it is quite reasonable to expect that c3 is much smaller
than the other two coefficients. Indeed, within perturbation theory O3 is not
generated until the three-loop level, requiring both sets of pions to enter the
diagram, while both O1 and O2 are generated at one loop. We will set c3 = 0
for the remainder of the analysis.
An efficient way of computing the corrections to precision electroweak
observables in the model defined by Eqs. (12), (16) is to apply the method
proposed by Barbieri et. al. in Ref. [4]. The model under consideration
belongs to the class of ”universal” models defined by these authors. The
left-handed SM fermions have to transform as doublets under one of the
gauge groups, SU(2)1 or SU(2)2, and singlets under the other group. For
concreteness, let us first consider the case when they transform under SU(2)2,
with the lagrangian
Lint = Ψ¯γ
µ (W (2)µ + Y Bµ)Ψ. (17)
While W (2) is not a mass eigenstate, it is convenient to choose it as an
interpolating field for the light gauge bosons. Integrating out W (1) (i.e.,
replacing this field with the solution of its equation of motion), one obtains
the inverse propagator matrix in the basis (W (2)±,W (2)3, B), from which the
form factors Sˆ, Tˆ etc. can be easily found. As in Section 2, it is sufficient
to work at the quadratic level in the gauge fields, with the lagrangian of the
9
form
L+∆L = −
2∑
i=1
1
2g2i
q2W (i)aµ W
(i)aµ −
1
2g20
q2BµB
µ
+
f 20
2
[
2W (1)±µ W
(1)∓µ + (W (1)3µ − Bµ)(W
(1)3µ − Bµ)
]
+
f 21
2
(W (2)aµ −W
(1)a
µ )(W
(2)a µ −W (1)a µ)
+ c1q
2BµW (1)3µ + c2q
2W (1)a µW (2)aµ . (18)
The equations of motion for W (1) have the form
1
g21
q2W (1)±µ = f
2
0 W
(1)±
µ − f
2
1 (W
(2)±
µ −W
(1)±
µ ) + c2q
2W (2)±µ ,
1
g21
q2W (1)3µ = f
2
0 (W
(1)3
µ −Bµ)− f
2
1 (W
(2)3
µ −W
(1)3
µ )
+q2(c1Bµ + c2W
(2)3
µ ). (19)
Solving these equations forW (1)±,W (1)3 and substituting the results into (18)
yields
L+∆L =
1
2
[
−
q2
g22
+
f 21 (q
2 − g21f
2
0 − 2c2g
2
1q
2)
q2 − g21(f
2
0 + f
2
1 )
]
W aµW aµ
+
1
2
[
−
q2
g20
+
f 20 (q
2 − g21f
2
1 − 2c1g
2
1q
2)
q2 − g21(f
2
0 + f
2
1 )
]
BµBµ
+
g21(f
2
0 f
2
1 − c1f
2
1 q
2 − c2f
2
0 q
2)
q2 − g21(f
2
0 + f
2
1 )
W 3µB
µ, (20)
where W ≡ W (2) is the interpolating field for the light W/Z bosons, and
terms of order c2i have been dropped. From this lagrangian one can read
off the elements of the inverse propagator matrix Πij(q
2), and therefore the
adimensional form factors defined in Eq. (8). The most interesting con-
straints come from the Sˆ parameter. Defining the mixing angle θ such that
tan θ = f1/f0, we obtain
Sˆ =
g2
g21
cos2 θ sin2 θ − g2(c1 sin
2 θ + c2 cos
2 θ). (21)
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The two terms in this equation have very different origins: the first term
represents the contribution of the additional heavy gauge bosons present
in the theory defined by Eq. (12), whereas the second term is generated
by the short-distance physics that lies outside the regime of validity of the
NLSM. The second term in turn contains two distinct contributions from
the operators O1 and O2. In the absence of fine tuning between the three
contributions, the experimental bound on Sˆ implies4
tan θ >∼ 5.2, c1 ≈ (4.0± 3.0) · 10
−3,
c2
tan2 θ
≈ (4.0± 3.0) · 10−3;
or
tan θ <∼ 0.19, c1 tan
2 θ ≈ (4.0± 3.0) · 10−3, c2 ≈ (4.0± 3.0) · 10
−3, (22)
where we have used the weak-coupling condition g21 <∼ 4pi. The physical
meaning of this result is obvious: the decoupling of the extra gauge bosons
requires a hierarchy of the breaking scales, either f0 ≫ f1 (θ ≈ 0) or f0 ≪
f1 (θ ≈ pi/2). After integrating out the heavy gauge bosons, the theory
reduces to the model of Section 2: in the first case, the lightW bosons nearly
coincide with the SU(2)2 gauge eigenstate, whereas in the second case they
consist predominantly of the diagonal combination of the SU(2)1 and SU(2)2
eigenstates. In each case, one of the dimension-4 operators, O1 or O2, plays
the role of OB of Section 2, and its coefficient is strongly constrained. The
coefficient of the other operator is virtually unconstrained; nevertheless, we
conclude that the additional gauge structure present in the model does not
reduce the overall sensitivity to the dimension-4 operators contributing to
the S parameter.
In the spirit of the technicolor approach, the model considered here can
be thought of as arising from a QCD-like theory with a product gauge group,
SU(NTC,0) × SU(NTC,1), and matter in the following representations: q0 ∈
(✷, 1), q¯0 ∈ (
−
✷, 1), q1 ∈ (1,✷), q¯1 ∈ (1,
−
✷). Under the global symmetries of
the NLSM, q0 ∈ (✷, 1, 1), q¯0 ∈ (1,✷, 1), q1 ∈ (1,✷, 1), q¯1 ∈ (1, 1,✷). The
4While the first term in Eq. (21) is positive-definite, the Sˆ parameter is required to
be negative at 1 σ level. We list a 2 σ constraint on tan θ in Eq. (22). Note also that
the experimental bound on Sˆ used here takes into account the perturbative one-loop
contributions computed under the assumption that the SM is valid up to the cutoff at
800 GeV [4]. In the model considered here, there will be an additional perturbative
contribution due to the loops with heavy gauge bosons; we ignore this contribution, as it
is unlikely to affect any of our conclusions.
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NLSM symmetries are broken by vacuum condensates 〈q0q¯0〉 and 〈q1q¯1〉; these
are parametrized by Σ0 and Σ1, respectively. In such a model, one expects
the coefficients c1 and c2 to be approximately given by Eq. (11), with the
appropriate values of NTC and NTF. By the same logic as in Section 2, this
model appears to be strongly disfavored. Moreover, even allowing for fine
tuning between different terms in Eq. (21) does not improve the situation,
since within this model all three terms have the same (positive) sign.
For completeness, let us list the expressions for the other three adimen-
sional form factors in the model at hand:
Tˆ = 0; Y =
g2g′2
g41
cos4 θ sin2 θ
(
cos2 θ − 2g21c1
)
;
W =
g4
g41
cos2 θ sin4 θ
(
sin2 θ − 2g21c2
)
. (23)
The Tˆ parameter vanishes due to the unbroken custodial symmetry of the
model. The experimental constraints from W and Y parameters are para-
metrically weaker than the bounds in Eq. (22).
Finally, consider the case when the left-handed SM fermions are charged
under SU(2)1 instead of SU(2)2. Integrating out the field W
(2)
2 yields
Sˆ = −g2c1, Tˆ = Y = 0,
W =
g4
g42
cos2 θ (1− 2c2g
2
2). (24)
Consistency with experimental constraints requires cos θ ≪ 1, implying that
the group SU(2)2 has to be broken well above the scale of EWSB (f1 ≫ f0).
Below the scale f1, the theory reduces to the model of Section 2, with the
operator O1 playing the role of OB. It is not surprising that the coefficient of
this operator is constrained at exactly the same level as cB by the bound on
the Sˆ parameter. Again, the additional gauge structure does not relax the
constraint on the short-distance physics, and a technicolor-like realization of
this model is ruled out.
12
g
n
Σn−1
g
n+1
SU(2)n+1
Σn SU(2)n U(1)SU(2)1
Σ
g g1
0
0
f0
Σ1
f f f1n n−1
Figure 2: The diagram representing the symmetry breaking pattern of the
models studied in Section 4. The notation is the same as in Fig. 1.
4 A More General Gauge Structure: SU(2)n+1×
U(1)
Let us generalize the analysis of the previous section to the case of a larger
gauge group, SU(2)n+1×U(1)Y with arbitrary n. In analogy with the model
of Section 3, consider the NLSM describing the SU(2)n+2 → SU(2) global
symmetry breaking by a chain of n + 1 bifundamental fields, as shown in
Fig. 2. An SU(2)n+1 × U(1) subgroup of the original symmetry is gauged.
The leading-order lagrangian of the model has the form
L = −
n+1∑
i=1
1
2g2i
TrW (i)µνW
(i)µν −
1
4g20
BµνB
µν +
n∑
k=0
f 2k Tr |DµΣk|
2, (25)
where the covariant derivatives are defined as
DµΣ0 = ∂µΣ0 + iW
(1)
µ Σ0 − iBµΣ0τ
3,
DµΣk = ∂µΣk + iW
(k+1)
µ Σk − iΣkW
(k)
µ , k = 1 . . . n. (26)
The bifundamental fields acquire vevs of the form 〈Σj〉 =diag(1, 1), j =
0 . . . n, leading to n+1massive charged and neutral gauge bosons (the lightest
of which are identified with the SM W/Z) plus a massless photon.
Once again, the lagrangian of Eq. (25) should be supplemented by adding
all other operators consistent with the NLSM symmetries to account for the
effects of strongly-coupled, short-distance physics. We will concentrate on
the leading (dimension-4) operators that contribute to the S parameter, and
involve only the pairs of ”neighboring” gauge groups (see the diagram of
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Fig. 2):
∆L =
n∑
i=0
ci,i+1Oi,i+1 (27)
with
O0,1 = B
µν Tr (W (1)µν Σ0τ
3Σ†0),
Oi,i+1 = Tr (W
(i)
µνΣ
†
iW
(i+1)µνΣi), i = 1 . . . n. (28)
We do not include operators of the same type involving non-neighboring
gauge fields, such as, for example, Tr (W (i−1)µν Σ
†
i−1Σ
†
iW
(i+1)µνΣiΣi−1). This is
justified by the same argument as the omission of O3 in Section 3: while not
guaranteed, it is likely that the coefficients of such operators are subdominant
to those included in (27) since in perturbation theory they are not generated
at the one-loop level. At the quadratic level in the gauge fields, the lagrangian
defined by Eqs. (25), (27) reads
L+∆L = −
n+1∑
i=1
1
2g2i
q2W (i)aµ W
(i)aµ −
1
2g0
q2BµB
µ
+
f 20
2
[
2W (1)±µ W
(1)∓µ + (W (1)3µ − Bµ)(W
(1)3µ − Bµ)
]
+
n∑
j=1
f 2j
2
(W (j+1)aµ −W
(j)a
µ )(W
(j+1)aµ −W (j)aµ)
+ c0,1q
2BµW (1)3µ +
n∑
k=1
ck,k+1q
2W (k)a µW (k+1)aµ . (29)
The left-handed fermions of the SM are charged under the U(1) and one of
the SU(2) factors; let us first consider the case when this factor is SU(2)n+1,
the leftmost group in Fig. 2. We would like to integrate out the gauge fields
W (i)µ with i = 1 . . . n; we will use an iterative approach to obtain formulae
valid for arbitrary n. First, integrate out W (n)µ . The equation of motion for
this field is
1
g2n
q2W (n)aµ = −f
2
n
(
W (n+1)aµ −W
(n)a
µ
)
+ f 2n−1
(
W (n)aµ −W
(n−1)a
µ
)
+ q2
(
cn,n+1W
(n+1)a
µ + cn−1,nW
(n−1)a
µ
)
, (30)
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with the solution
W (n)aµ = G(q
2)
[
(f 2n − cn,n+1q
2)W (n+1)aµ + (f
2
n−1 − cn−1,nq
2)W (n−1)aµ
]
,
(31)
where
G(q2) =
−g2n
q2 − g2n(f
2
n + f
2
n−1)
. (32)
In the analysis of this section, we will be only interested in extracting the
Sˆ parameter. (Note that Tˆ = 0 due to custodial symmetry.) Since Sˆ ∝
Π′W3B(0), it will suffice to only keep the terms up to the linear order in q
2.
Plugging the solution (31) back into Eq. (29) and dropping the terms of order
(q2)2 and higher yields
L+∆L = −
n−2∑
i=1
1
2g2i
q2W (i)2 −
1
2g˜2n−1
q2W (n−1)2 −
1
2g˜2n+1
q2W (n+1)2
−
1
2g20
q2B2 +
f 20
2
(
W (1)2 − 2BW (1)3 +B2
)
+
n−2∑
j=1
f 2j
2
(
W (j+1) −W (j)
)2
+
f˜ 2n−1
2
(
W (n+1) −W (n−1)
)2
+c0,1q
2BW (1)3 +
n−2∑
k=1
ck,k+1q
2W (k)W (k+1)
+c˜n−1,n+1q
2W (n−1)W (n+1), (33)
where the sums over the Lorentz indices and, in terms not involving B, the
color indices are implicit: W (i)2 ≡ W (i)aµ W
(i)aµ, B2 ≡ BµB
µ, etc. We have
defined
1
g˜2n−1
=
1
g2n−1
+
cos4 θn
g2n
− 2cn−1,n cos
2 θn;
1
g˜2n+1
=
1
g2n+1
+
sin4 θn
g2n
− 2cn,n+1 sin
2 θn;
f˜ 2n−1 =
f 2n−1f
2
n
f 2n−1 + f
2
n
;
c˜n−1,n+1 = −
1
g2n
sin2 θn cos
2 θn + cn−1,n sin
2 θn + cn,n+1 cos
2 θn, (34)
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where tan θn = fn/fn−1.
The iterative approach is based on the observation that Eq. (33) has ex-
actly the same structure as the original lagrangian, Eq. (29). This should
not be surprising, since Eq. (29) already contains all the terms (up to order
q2) that are compatible with the symmetries of the model and are ”local”
in the sense that only interactions between the gauge fields adjacent to each
other in the diagram of Fig. 2 are allowed. Eliminating the field W (n) results
only in the renormalization of the gauge couplings gn−1 and gn+1, and the
appearance of two new terms (proportional to f˜n−1 and c˜n−1,n+1) that de-
scribe the interactions between the new neighbors, W (n−1) and W (n+1). The
structure of these interactions is identical to those between any other pair of
neighboring gauge fields.
Starting with Eq. (33) and integrating out successively the fields W (n−1),
W (n−2), . . ., W (2) leads to a lagrangian of the form
L+∆L = −
1
2g˜21
q2W (1)2 −
1
2g˜2n+1
q2W (n+1)2 −
1
2g20
q2B2
+
f 20
2
(
W (1)2 − 2BW (1)3 +B2
)
+
f˜ 21
2
(
W (n+1) −W (1)
)2
+c0,1q
2BW (1)3 + c˜1,n+1q
2W (1)W (n+1), (35)
which is identical (up to notational changes) to the model studied in Section
3 (see Eq. (18)). The parameters g˜1, g˜n+1, f˜1, and c˜1,n+1 can be expressed re-
cursively in terms of the parameters entering the original lagrangian, Eq. (29).
In particular, we obtain
c˜1,n+1 =
n∑
k=2
(
−
1
g˜2k
+
ck−1,k
cos2 θk
)
sin2 θk
k∏
j=2
cos2 θj + cn,n+1
n∏
j=2
cos2 θj , (36)
where
1
g˜2k
=
1
g2k
+
n∑
j=k+1
(
1
g2j
−
2cj−1,j
cos2 θj
)
j∏
l=k+1
cos4 θl, k = 1 . . . n− 1, (37)
and g˜n ≡ gn. The mixing angles θk are defined by tan θk = f˜k/fk−1, k =
2 . . . n, where f˜ 2k/2 is the coefficient of the term (W
(k) − W (n+1))2 in the
intermediate lagrangian at the stage of the iteration process when the W (k)
field is integrated out. We will not need explicit formulae for f˜k and g˜n+1.
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The remaining step of integrating out the field W (1) and extracting Sˆ has
already been performed in Section 3; in analogy with Eq. (21), we obtain
Sˆ =
g2
g˜21
cos2 θ1 sin
2 θ1 − g
2
(
c0,1 sin
2 θ1 + c˜1,n+1 cos
2 θ1
)
, (38)
where tan θ1 = f˜1/f0. Finally, combining Eqs. (36) and (38) yields
Sˆ = g2

 n∑
k=1
(
1
g˜2k
−
ck−1,k
cos2 θk
)
sin2 θk
k∏
j=1
cos2 θj − cn,n+1
n∏
j=1
cos2 θj

 . (39)
As in the analysis of Section 3, there are two groups of terms in Eq. (39):
those due to the mixing of the weakly coupled heavy gauge bosons with
W and Z, and those due to the strongly coupled short-distance physics
parametrized by the operators in Eq. (27). Again, we require that terms
of each group separately satisfy the experimental constraint5,
Sˆ <∼ 0.9× 10
−3. (40)
In other words, we assume that there is no finely tuned cancellation between
the two groups. The mixing terms have the form
Sˆ(1) = g2
n∑
k=1

 1
g2k
+
n∑
j=k+1
1
g2j
j∏
l=k+1
cos4 θl

 sin2 θk k∏
j=1
cos2 θj . (41)
Since each term in the sum of Eq. (41) is positive, any subset of terms must
also satisfy the bound (40). In particular, the constraints
m∑
k=1
sin2 θk
k∏
j=1
cos2 θj <∼ 0.03, m = 1 . . . n, (42)
must be satisfied. (Here we used the weak coupling condition, g2k <∼ 4pi.)
It can be shown (see Appendix A) that these constraints imply that either
cos2 θl <∼ 0.03 for at least one value of l ∈ [1, n], or sin
2 θl <∼ 0.03 for all l.
Physically, this means that a certain amount of hierarchy between the scale
of EWSB and the scale at which the additional symmetries are broken is
required to suppress the mixing effects.
5The comments in footnote 4 apply in this case as well.
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The short-distance contribution to Sˆ has the form
Sˆ(2) = −g2
n+1∑
k=1
βkck−1,k, (43)
where the coefficients βk can be read off from Eqs. (39), (37). Assuming no
fine tuning between different operators, we obtain a constraint
βkck−1,k = (4.0± 3.0)× 10
−3, k = 1 . . . n+ 1. (44)
This equation clearly shows that the sensitivity of Sˆ to short-distance physics
in the model considered here would be reduced, compared to the minimal
model of Section 2, if and only if the coefficients βk are small for all k. At
the same time, using Eqs. (39) and (37), one can show that these coefficients
obey the following inequalities:
βk ≥ tan
2 θk
k∏
j=1
cos2 θj , k = 1 . . . n;
βn+1 ≥
n∏
j=1
cos2 θj . (45)
It is shown in the Appendix A that these inequalities, together with the
constraints (42), imply that
βl >∼ 0.97 (46)
for at least one value of l ∈ [1, n+ 1]. Thus, at least one of the operators in
Eq. (27) gives an unsuppressed contribution to the Sˆ parameter.
Consider a technicolor-like ultraviolet completion of the theory discussed
here that generalizes the model described in Section 3. The completion is a
gauge theory based on a product group
∏n
i=0 SU(NTC,i), with NTF,i flavors
of techniquarks qi, q¯i in fundamental and antifundamental representations of
the ith gauge factor. The Σ fields of the model parametrize the techniquark
pair operators acquiring vevs at low energies, Σi ∼ 〈qiq¯i〉. In this theory,
one expects that the operators listed in Eq. (28) will be generated with
coefficients approximately given by Eq. (11) with the appropriate values of
NTC and NTF:
ci,i+1 ≈ (−6 · 10
−3)
NTF,i
2
NTC,i
3
. (47)
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Since at least one of these coefficients is constrained by data as strongly as
cB in the minimal model of Section 2, this class of models is as strongly dis-
favored as the minimal model. (In fact, using the fact that all the coefficients
ci,i+1 are generated with the same sign and the inequality
∑n+1
k=1 βk ≥ 1, which
follows from Eq. (45), one can show that each of the coefficients has to sat-
isfy the bound identical to that on cB.) Thus, the additional gauge structure
present in the model does not revive the possibility of a technicolor-like ultra-
violet completion. This conclusion is valid even if one allows for fine-tuning
between the short-distance and mixing contributions to Sˆ: within this class
of models, these two contributions have the same sign and no cancellation is
possible.
The above analysis assumed that the left-handed SM fermions are charged
under SU(2)n+1, the leftmost gauge group in the ”chain” (see Fig. 2). The
generalization to the case when they are instead charged under one of the ”in-
termediate” gauge groups, SU(2)m, is straightforward. Notice that starting
with the lagrangian (29) and integrating out the field W (n+1) yields
L+∆L = −
n−1∑
i=1
1
2g2i
q2W (i)aµ W
(i)aµ −
1
2g˜2n
q2W (n)aµ W
(n)aµ −
1
2g0
q2BµB
µ
+
f 20
2
[
2W (1)±µ W
(1)∓ µ + (W (1)3µ − Bµ)(W
(1)3µ −Bµ)
]
+
n−1∑
j=1
f 2j
2
(W (j+1)aµ −W
(j)a
µ )(W
(j+1)aµ −W (j)aµ)
+ c0,1q
2BµW (1)3µ +
n−1∑
k=1
ck,k+1q
2W (k)aµW (k+1)aµ , (48)
where
1
g˜2n
=
1
g2n+1
+
1
g2n
− 2cn,n+1. (49)
This lagrangian has a structure identical to (29), and the procedure of inte-
grating out the leftmost field (nowW (n)) can be repeated. Proceeding in this
way, one can show that integrating out the fields W (m+1), . . . ,W (n+1) results
in a lagrangian of the form (29), with the replacement n→ m and gm → g˜m
given by a straightforward generalization of Eq. (49). Since the SM fermions
are now charged under the ”leftmost” remaining group, SU(2)m, the prob-
lem reduces to the case considered above. Therefore, the conclusions of the
above analysis, such as the bound (46), apply in these cases as well.
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U(1)1 U(1)2
SU(2)n kSU(2)
SU(2) SU(2)1 2
U(1)m
SU(2)n+1
SU(2)k−1
Figure 3: The diagram representing the symmetry breaking pattern of the
SU(2)n+1 × U(1)m model. The diagram is drawn in a way suggested by the
interpretation of this model as the deconstructed version of a five-dimensional
SU(2)× SU(2)× U(1) gauge theory. The arrows indicate the groups under
which the light fermions of the model are charged.
Finally, consider the model [13] based on an SU(2)n+1 × U(1)m gauge
group with the light fermions coupled to the leftmost SU(2) and U(1) factors
(see Fig. 3). This model is a deconstruction of the five-dimensional theory
with the bulk SU(2)×SU(2)×U(1) gauge group, such as the warped-space
model of Ref. [8]. The conclusions of the above analysis apply to this model
as well. Indeed, integrating out the additional U(1) factors reduces the model
to the one considered above, the only modification being that the coupling
g0 has to be replaced with its renormalized value that depends on the U(1)k
gauge couplings and the U(1) × U(1) → U(1) symmetry breaking scales.
This modification does not affect the subsequent analysis.
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5 Conclusions
The analysis of this paper shows that extending the gauge structure of the
models of EWSB by strong interactions in a way suggested by the five-
dimensional ”Higgsless” constructions does not reduce the sensitivity of the
low-energy observables involving W/Z bosons to the strongly coupled short-
distance physics. In other words, the experimental constraints on the coef-
ficients of the operators induced by short-distance physics are as strong as
they are in the minimal four-dimensional model with no additional particles
below the cutoff. In view of this result, extending the gauge structure of the
model appears quite unmotivated. This is the main conclusion of this work.
It should be noted that this negative conclusion can be avoided if one
allows for cancelations between the contributions to the S parameter from the
weakly coupled extra gauge bosons and the strongly coupled short-distance
physics. Such cancellations, however, are impossible if the short-distance
physics is QCD-like, since in this case the two contributions have the same
sign. Thus, even allowing for fine tuning, the possibility of EWSB by a new
QCD-like sector is ruled out.
The models studied here can be thought of as a ”latticized” version of five-
dimensional theories, and in the limit n→∞ they give rise to continuum five-
dimensional theories. In this limit, the operators in Eq. (28), which played
a crucial role in our analysis, correspond to terms of the form (∂µ∂5Wν)
2,
where WN is the bulk SU(2) gauge field. The corresponding term in the
bulk lagrangian has the form
∆L ∼
1
Λ2
Tr (DPWMN)
2 (50)
where Λ is the cutoff scale. Our analysis suggests that such terms give sub-
stantial contributions to the S parameter in theories with localized fermions,
regardless of the details of the bulk geometry and even when the five-dimensional
gauge coupling is position-dependent. This generalizes the results of Ref. [17,
18], where it was found that the strong coupling scale Λ in five-dimensional
warped-space models with constant gauge couplings cannot be raised far
above TeV while maintaining consistency with precision electroweak con-
straints. More generally, in any five-dimensional Higgsless model, the ex-
perimental lower bound on the scale Λ can only be obtained by considering
the contribution of the local operators such as the one in Eq. (50) to pre-
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cision electroweak observables. Including such operators in the analysis is
important for establishing the viability of such models.
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A Proof of the Inequality (46)
In this Appendix, we prove that the inequalty (46) is valid for at least one
value of l ∈ [1, n+ 1]. Consider the constraint in Eq. (42) for m = 1:
sin2 θ1 cos
2 θ1 <∼ 0.03. (51)
There are two solutions to this inequality: cos2 θ1 <∼ 0.03 (case 1, θ1 ≈ pi/2),
and sin2 θ1 <∼ 0.03 (case 2, θ1 ≈ 0). At the same time, according to Eq. (45),
β1 ≥ sin
2 θ1. In the case 1, sin
2 θ1 >∼ 0.97 and the inequality (46) is satisfied
for l = 1, completing the proof. In the case 2, consider the m = 2 constraint
in Eq. (42):
δ1 + (1− δ1) sin
2 θ2 cos
2 θ2 <∼ 0.03, (52)
where δ1 = sin
2 θ1 and terms of order δ
2
1 are neglected. Again, there are
two solutions: cos2 θ2 <∼ 0.03 − δ1 ≤ 0.03 (case 2.1, θ2 ≈ pi/2) and sin
2 θ2 <∼
0.03 − δ1 (case 2.2, θ2 ≈ 0). According to (45), β2 ≥ sin
2 θ2 cos
2 θ1. In
the case 2.1, this implies β2 >∼ (0.97 + δ1)(1 − δ1) = 0.97 + O(δ
2), and
the inequality (46) is satisfied for l = 2, completing the proof. In the case
2.2, we go on to consider the m = 3 constraint in Eq. (42), and so on. In
general, if the constraints of Eq. (42) for k = 1 . . . (m − 1) are solved by
making the corresponding angles small, θk ≈ 0, then the k = m constraint
has to be considered. It is solved either by θm ≈ pi/2 (or, more precisely,
cos2 θm <∼ 0.03 −
∑m−1
i=1 δm, where δm = sin
2 θm are small), or by θm ≈ 0
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(sin2 θm <∼ 0.03−
∑m−1
i=1 δm). In the first case, βm satisfies (46) and the proof
is completed:
βm ≥ sin
2 θm
m−1∏
j=1
cos2 θj >∼
(
0.97 +
m−1∑
i=1
δm
)
m−1∏
j=1
(1−δj) = 0.97+O(δ
2). (53)
In the second case, we repeat the analysis for the (m + 1)th constraint. If
m = n is reached and the inequality (46) has not been shown to hold for
any l, it must hold for l = n + 1. Indeed, in this case, all the angles θi are
small, and
∑n
i=1 δm <∼ 0.03; but this implies that βn+1 ≥
∏n
j=1 cos
2 θj >∼ 0.97,
concluding the proof.
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